The present observations were undertaken to establish the response of children to the acute administration of ammonium chloride, in order to provide a basis for identifying and interpreting abnormalities in the mechanisms involved in renal acid base regulation. Fifty-eight normal children aged 4 to 13 years were studied before and for 5 hours following administration of ammonium chloride. Group A, consisting of 23 children, received 75 mEq/m2 body surface area or 2.75 mEq/kg body weight. Group B, consisting of 35 children, received 150 mEq/mZ, or 5.45 mEq/kg.
Introduction
Excretion of acid in urine is accomplished by renal tubular secretion of hydrogen ion causing reabsorption of filtered bicarbonate and urinary acidification, with formation of titratable acid and ammonium. Urinary acidification and formation of titratable acid and ammonium in children are considered here. Tubular reabsorption of bicarbonate and excretion of acid in infants have been the subject of a separate report [4] .
In order to investigate the response of the kidney to metabolic acidosis, the capacity to excrete hydrogen ion in response to various acidifying agents, such as hydrochloric acid, ammonium chloride and calcium chloride, has been studied repeatedly in the past four or five decades [6, 8, 111 . Most tests have required prolonged administration of ammonium chloride [5, 251 . The complexity and duration of these procedures have precluded their use in routine clinical investigation, particularly in infants and children, in whom only a few studies have been reported [7, 9, 17, 281. Although SARTORIUS, ROEMMELT and PITTS [29] had previously reported the renal response of a single subject to acute acidosis induced by a single dose of ammonium chloride, WRONG and DAVIES [3, 341 were the first to describe in detail the short ammonium chloride loading test. This test seemed especially suited to exploration of renal regulation of acid-base balance in infants and children. The procedure does not require hospitalization; it can be completed in the course of a single day, and a severe degree of acidosis is avoided. The present observations were undertaken to establish the response of children to the acute administration of ammonium chloride in order to provide a basis for identifying and interpreting abnormalities in themechanisms involved in renal acid base regulation.
Materials and Methods
Fifty-eight normal children, 4 to 13 years of age, were studied. All children were hospitalized for minor illnesses or for elective surgery. The latter were studied either before or at least five days after surgery, and no subject undergoing major surgery was included. Subjects with any type of renal disease or nonrenal disorder that might affect water and electrolyte or acid-base metabolism were excluded. All subjects were considered to be healthy children and fell within the tenth and seventy-fifth percentiles for height and weight. The investigations were performed with institutional approval. Informed parental consent was obtained in every case.
Studies were performed in the renal unit and were begun uniformly between 8 and 9 a.m. The patients remained recumbent during the test, but were allowed free movement in bed. Breakfast was permitted on the day of the test, and a usual lunch was given at the appropriate time. In order to ensure an adequate and suitably constant rate of urine flow, water was administered throughout the test at the rate of50ml/h/m2. Urines were collected at hourly intervals by spontaneous voiding. Urine specimens were not collected under oil but were examined immediately for pH and titratable acid and were stored for other determinations in air-free containers.
Arterialized capillary blood samples were collected in heparinized tubes for determination of pH, Pco, and total CO, content. Blood specimens for other determinations were obtained from superficial veins during free flow. Following collection of two 30-to 60-minute control urines, samples of venous and capillary blood were also obtained. Ammonium chloride was given by mouth over the course of the next hour; it was taken either in gelatin capsules by the older children or dissolved in water flavored with lemon juice and sugar in the younger children. The ammonium chloride was well tolerated by most subjects, although a few vomited after receiving the first portion of the ammonium chloride. An equivalent amount of drug was given again, followed by the balance of the total dose, without further vomiting.
The dosage of ammonium chloride was as follows: Analytical procedures employed have been described previously [4, 26] .The hydrogen ion clearance index was calculated according to the formula proposed by Values for electrolytes, urea, creatinine, osmolality and ELKINTON, HUTH, WEBSTER and MCCANCE [5] :
acid-base parameters of serum in children of Groups A Hydrogen ion clearance index = UVH+ x tCO, where UVH+ is the net rate of excretion of hydrogen The following abbreviations are employed: total CO, ion, estimated as the sum of titratable acid and am-or CO, content, tCO,; partial pressure of CO,, Pco,; monium minus bicarbonate, and tCO, is the total CO, base excess, BE; titratable acid, TA; ammonium, content of blood.
NH;. 
Along with the increased rates of excretion of TA and NHf;, there was an increase in rate of excretion of all urinary solutes measured (table V) .
The hydrogen ion clearance index, calculated with the mean values of the 3rd, 4th and 5th test hours, ranged in Group A from 1.36 to 4.12, with a mean of 2.66, and'in Group B from 1.69 to 3.10, with a mean of 2.40.
The relation between t C 0 2 of blood and urinary concentration of H + for all subjects in Groups A and B is shown in figure 1 . Although levels of urinary pH usually considered low enough to indicate normal acidifying capacity were not produced until t C 0 2 of blood fell well below threshold values, progressively lower values of pH were observed over the entire range of t C 0 2 studied.
The relation between t C 0 2 of blood and rate of excretion of titratable acid is shown in figure 2 . During control periods, an inverse correlation was present. At levels of tCO, below 22.5 mmoles/l, the rate of excretion of TA became constant. The mean rate of excretion for all values with t C 0 2 of blood below 22.5 mmoles/l was 52 pEq/min/l.73 m2 with a range (f 2 SD) of 33 to 71.
A similar relation between t C 0 2 of blood and rate of excretion of ammonium is shown in figure 3 . During control periods, an inverse relation between these two measurements was observed. At levels of tCO, below 22.5 mmoles/l, maximal rates ofexcretionofammonium were noted. The mean value for rate of excretion of ammonium was 73 pEqlminll.73 m2 with a range (f 2 SD) of 46 to 100.
Discussion

Regulation of Urinary Acidijcation and Excretion of Hydrogen Ion
Although studies of bicarbonate reabsorption and excretion in infants and adults have demonstrated the close relation between concentration of bicarbonate in blood and its excretion in urine [4, 19, 331 , the effects of progressively lower concentrations of bicarbonate in blood on urinary acidification have not been completely investigated.
The dose of ammonium chloride initially chosen in the present studies was based on dosages employed in other reports [3, 10, 341 and was calculated to provide a maximal stimulus. After completion of the initial series in children (Group A), it was apparent that this goal had not been achieved. Several subjects appeared to excrete significantly less hydrogen ion than the remainder of the group, although the response of the group as a whole was comparable to values in children reported by others [15, 171. On the basis of these results, a double dose of ammonium chloride was given in the second series of observations (Group B). In each of these subjects, urinary pH fell to 5.10 or less during the course of the study. The mean rates of excretion of titratable acid were the same in Groups A and B, but rates of excretion of ammonium and total hydrogen ion in Group B were significantly greater.
-
These results are consistent with the usual interpretation that a larger dose of ammonium chloride acts as a greater stimulus for excretion of hydrogen ion by the kidney. However, when urinary acidification and rates of excretion of TA and NH, were examined as functions of t C 0 2 of blood, it was apparent that the size of the dose of NH4C1 played no role.
During control periods (figs. 1-3), when t C 0 2 ranged from 23 to 29 mmoles/l, significant correlations were present between t C 0 2 of blood and urinary hydrogen ion concentration, rate of excretion of TA and rate of excretion of ammonium. Following ingestion of NH4C1, there was still a significant correlation between urinary hydrogen ion concentration and tCO, of blood. In contrast, when tCO, fell several millimoles below the threshold, excretion of hydrogen ion in the form of TA and NH, reached a plateau. Thus, the apparent difference observed in mean response of Groups A and B was due to an inadequate depression of t C 0 2 in blood in six subjects of Group A; at comparable levels of tC02, no differences in response were noted. Theoretically, the larger dose of NH,Cl might have resulted in higher rates of excretion of ammonium due to increased production of glutamine and provision of additional substrate [2] . No such difference in rate of excretion of ammonium was noted, although the rate of excretion of urea in Group B was greater than that in Group A.
These data are interpreted as demonstrating the importance of the level of t C 0 2 of blood, or more precisely, the concentration of bicarbonate in glomerular filtrate, in stimulating urinary acidification mechanisms as well as in control of excretion of bicarbonate . The rate of excretion of titratable acid depends upon availability of urinary buffer, particularly phosphate, and urinary pH [30] . Acute changes in the rate of excretion of ammonium are dependent on changes in urinary pH and the rate of urine flow [12, 161. When concentrations of bicarbonate in blood are above the renal plasma threshold, bicarbonate is incompletely reabsorbed; hydrogen ion secreted along the entire length of the nephron is utilized in bicarbonate reabsorption, and bicarbonate is excreted into the urine. At bicarbonate levels in blood just at the threshold, the urine is free of bicarbonate, but almost a!l hydrogen ion secreted is still utilized in bicarbonate reabsorption; urinary pH is lowered only slightly below that of plasma and little TA and N H~ are present in urine. As bicarbonate concentration in blood falls below the threshold, more hydrogen ion appears in urine, but only when blood bicarbonate is well below threshold levels is sufficient tubular H + available to cause maximal urinary acidification and thus in turn formation of TA and NH,. Rate of excretion of hydrogen ion reaches a plateau, despite further depression of bicarbonate in blood, when urinary buffers are saturated and there is maximal diversion of tubular NH; into urine.
Although the present investigations suggest that the concentration of bicarbonate in the glomerular filtrate is the most important factor controlling renal excretion of hydrogen ion during acute metabolic acidosis, in other circumstances, variation in rate of excretion of hydrogen ion occurs in the apparent absence of changes in pH or bicarbonate of blood. However, this may be mediated through the same mechanism by a change in the bicarbonate threshold, similar to the effect on acid excretion of variation in the carbon dioxide tension of blood [l, 23, 241 .
The concept of a dynamic balance between the concentration of bicarbonate in the glomerular filtrate and the level of the bicarbonate threshold must be considered. A change in either will have a marked effect on the rate of delivery of bicarbonate into the distal tubule and, thus, on the rate of hydrogen ion excretion. An effect of potassium deficiency and extracellular volume expansion on proximal tubular reabsorption of bicarbonate has been demonstrated [13, 211. Similarly, both the degree to which the kidney is stimulated to reabsorb sodium and the ratio of sodium to chloride in the glomerular filtrate influence the level of the threshold [31] . The change in bicarbonate threshold that occurs with a change in the rate of excretion of nonreabsorbable anions, such as sulfate [22] , may explain part of the variation in hydrogen ion excretion that occurs with dietary changes [14] .
Thus, the precise manner in which the kidney maintains systemic acid-base balance in health may be related to slight variation in the bicarbonate threshold, whereas in acutely induced metabolic acidosis with no change in threshold, the primary factor appears to be the decreased concentration of bicarbonate in the glomerular filtrate. In chronic acidosis there is, in addition, an adaptation in tubular production of ammonia [29] , which may relate to intracellular acidosis.
Clinical Assessment of Acidifying Cahacity
It is apparent from these results that assessment of renal acidifying mechanisms requires administration of a substance which will produce maximal urinary acidification. This can be accomplished by administration of a nonreabsorbable anion, or, more physiologically, by administration of sufficient ammonium chloride or other acidifying substance to depress tCO, of blood to levels well below the renal threshold.
The results of the present studies, as well as those of WRONG and DAVIES [3, 34] , indicate that the short test provides an adequate physiologic assessment of acidifying mechanisms, even though it does not assess ammonium adaptation during chronic acidosis. However, normal rates of excretion of ammonium during acute acidosis with deficient excretion of ammonium during chronic acidosis has not been described.
The hydrogen ion clearance index was proposed by ELKINTON and ASSOCIATES [5] in an attempt to relate rate of excretion of hydrogen ion in urine to the concentration of hydrogen ion in blood. Although this index has had widespread application, its physiologic validity must be questioned. Correcting rates of excretion of hydrogen ion for concentration of total CO, in blood presumes that there is a fixed relation between these two measurements. Examination of the data presented by ELKINTON et al. [5] , however, reveals no regression of TA, NH: or total hydrogen ion with tCO, in blood following administration of NH4C1. In the present study ( fig.4) , urinary excretion of total hydrogen ion is plotted as a function of blood tCO,. 
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. . . Hydrogen ion excretion, negligible at tCO, levels of 26 mmoles/l or more increases steadily as tCO, falls to values below the threshold. The rate of excretion then reaches maximal levels, despite further reduction in tCO,. Consequently, the hydrogen ion clearance index in a given subject would be much higher if measured at a tCO, in blood of 20 mmoles/l, for example, than if it were measured at 15 mmoles/l. This effect can be seen in comparing Group A with Group B. As a consequence of the lower values of tCO, produced in children in Group B, their hydrogen ion clearance index was lower, suggesting incorrectly that these subjects performed less well than those in Group A. Thus, the hydrogen ion clearance index is valid only over the range of tCO, in blood in which there is a linear relation with rate of excretion of hydrogen ion, i. e. from the range of normal concentration down to levels around the threshold. Over this range of tCO,, however, urinary hydrogen ion excretion is not maximal and the range of normal is great. Rather than using the hydrogen ion clearance index, therefore, acidification should be evaluated with tCO, in blood several millimoles below the threshold, assuring a maximal response and permitting direct comparison with normal subjects. It is obvious that arbitrary, 'standard' doses of ammonium chloride may be either too large or too small for this purpose. The proper dose for a given subject can be calculated on the basis of the CO, content of blood, assuming distribution of administered H f throughout body water. In subjects with a normal level of bicarbonate threshold, tCO, in blood should be depressed at least to 17-18 mmoles/l in infants [4] and 20-21 mmoles/l in older children. If an abnormal bicarbonate threshold is present the dose must be adjusted accordingly [26, 271. Summary Observations of the renal response of children to administration of ammonium chloride support the hypothesis that the concentration of bicarbonate in glomerular filtrate, together with the level of the bicarbonate threshold, plays a major role in the regulation of renal excretion of hydrogen ion. An inverse relation was demonstrated between the total CO, content of blood and the concentration of hydrogen ion in urine. Rates of excretion of titratable acid and ammonium increased as concentration of total CO, in blood fell below normal levels; both rates reached a plateau, however, when total CO, reached concentrations a few millimoles below the renal bicarbonate threshold.
These results indicate that the necessary condition for assessing maximal acidifying capacity during metabolic acidosis is that the blood bicarbonate concentration be several millimoles below the renal bicarbonate threshold; the use of a 'standardized' dose of ammonium chloride does not assure a maximum response. Evidence is presented that calculation of the hydrogen ion clearance index does not provide a physiologically meaningful assessment of urinary acidification.
